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SUMMARY 


The results of an experimental investigation of several 
low— drag wing— nacelle combinations, incorporating -internal 
air— flow systems, are presented. The ext ernal— dr ag incre- 
ments due to these nacelles are between one— half and two- 
thirds of those of conventional nacelle forms. This improve- 
ment is accomplished with only minor effects on the lift and 
moment characteristics of the wing. The procedure employed 
to determine the external shape of such low— drag nacelles is 
considered in detail. 

The design of an efficient int ernal— fl ow system, with or 
without a blower or throttle, presents no serious problems. 
The energy losses in the expansion before the engine and the 
contraction thereafter can be kept small. 

It is believed that these nacelles have a w'ide applica- 
tion in housing engine pusher— propeller units and, with some 
alteration, j et— propuls ion devices. It is probable that th,e 
low external drags may not be realized if such nacelles are 
used with a tractor propeller because of the high level of 
turbulence in the propeller slipstream. 

INTRODUCTION 


The results of an experimental investigation of the 
boundary— layer growth on the surface of a w ing— f us elage com- 
bination, wherein the nose of the fuselage protrudes forward 
of the wing, are reported in reference 1. In that investi- 
gation it was found that although the transition from laminar 
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to turbulent flow occurred far back along the surface at 
points distant from the wing— nacelle juncture, in the junc- 
ture itself transition moved forward to the wing leading 
edge . 


Some additional drag must inevitably occur with this 
forward movement of transition in the juncture. This is at- 
tributable to (l) the increased surface shear associated 
with the turbulent boundary layer, and (?) the reduced pres- 
sure recovery at the tail which will accompany the thickened 
boundary layer at the minimum pressure point. 

In reference 2 it was contended that premature transi- 
tion to turbulent flow in such junctures is due to the fact 
that, on the forward protruding nose of the body, the air 
close to the surface is first accelerated and then retarded 
as it approaches the wing. The boundary layer becomes un- 
stable in the region wherein the flow is retarded so that 
transition to turbulent flow' occurs. It was reasoned that 
by making the nose of the body and the leading edge of the 
wing coincident, adverse pressure gradients near the leading 
edge w'ith consequent premature transition could be avoided. 

Several w r ing— nacelle units incorporating this feature 
were constructed and tested in the Ames 7— by 10— foot wind 
tunnel (reference 2). The wing and nacelles were so matched 
that their minimum pressure .points were located at the same 
chordwise station. The experimental results of these tests 
confirmed the foregoing contention. Over the Reynolds number 
range of the tests, transition occurred behind the minimum 
pressure point in the wing— nacelle juncture as well as at all 
other points on the surface. In consequence, the drag incre- 
ments for these nacelles were between one— half and two— thirds 
that for conventional nacelles. 

The nacelles of the preliminary investigation (reference 
2) were streamline bodies, v'ithout internal air flow, but it 
was anticipated that the introduction of internal air flow 
could be made without destroying the low— dra.g characteristics. 
However, it was expected that some difficulties would be en- 
countered in properly shaping nacelles incorporating air- 
induction systems. In this report, the results of an experi- 
mental investigation of several such wing— nacelle combinations 
with internal flow are presented. A discussion of the proper 
shaping of such nacelles is included. 
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DESCRIPTION OF MODELS 


The HA CA 35—215 wing of reference 2, the ordinates of 
which are given in table I, was -used again in combination 
with the nacelles of this report. However, the method of 
mounting the wing in the tunnel was changed, as is discussed 
under the section Description of Apparatus. 


The nacelle shapes used in this experimental investi- 
gation were derived from the NACA 133—30 nacelle shape of 
reference 2, the ordinates of -which are given in table II. 

Nac e lle n o se shames .— A method was developed in- refer- 
ence 1 for altering the nose of a nacelle to provide a satis- 
factory nose air inlet. The test results, given in that 
reference, showed that the pressure gradients over the for- 
ward portion of a nacelle so obtained were favorable for all 
except the lowest inlet— velocity ratios. 


The method for altering the nose shape, as outlined in 
reference 1, is not generally applicable and was accordingly 
revised to make it suitable for the nacelles of this report. 
This revised method, which is given in appendix A, was used 
to develop the shape of the nose Nj of the first nacelle 

tested using the nose— shape parameter of reference 1. The 
subsequent development of noses H„ , H 3 , H 4 , and E 5 , and 

the reasons for each change are related in the section of 
this report devoted to a discussion of the results. Figure 
1 gives, a comparison of these nose shapes. The ordinates 
are given in table III, and table IV presents the nondimen— 
sional nose— shape parameter used in the method of appendix A. 


D ev el onm ent of nac e lle tail shapes .— Within certain 

limits, considered in the section Results and Discussion, 
it is desirable to bring the plane of the pusher propeller 
as near as possible to the trailing edge of the wing. It is 
obvious that by so doing, the aerodynamic design of the com- 
bination of nacelle and wing becomes more and more critical 
because of the steep pressure recovery that exists in the 
juncture of the wing and the nacelle. If this pressure gradient 
becomes too severe, separation of the flow from the surface 
will occur with consequent adverse aerodynamic effects. The 
problem thus confronting the designer is to develop a nacelle 
fulfilling the design requirements of reference 2 in matching 
the pressure distribution of wing and nacelle, while at the 
same time shortening the nacelle without incurring flow separation 


fftfpf 


UiUL 


ASSif 


£ Pr 



NACA ACE Ho, 5A15 


*T T ' I 'I i 1 ill I JJtL 


4 


No rational "basis was known for determining to what ex- 
tent the nacelle tail may be shortened without excessive 
drag increase. The tail shapes developed herein are the re- 
sult of judgment and experience gained 'with the test of each 
succeeding shape. The first tail T 2 was designed for a 
propeller position about 15 percent wing chord behind the 
wing trailing edge. The contour of this tail deviates to a 
narked degree from the lines of the original NACA 133—30 
nacelle, as nay be seen in figure 2. Tail T s conforms more 
closely to the original nacelle lines, as nay be seen from 
the sane figure, and has a propeller position about 30 per- 
cent chord behind the trailing edge. Tail T 3 represents 
a shape intermediate between the first two contours with a 
propeller position of about 21 percent win g chord behind the 
trailing edge. The section of this report devoted to dis- 
cussion relates the steps involved in this development. 

Table V gives the ordinates of the various tails. 


Outlet and srinner designs .— Since it was desired to 

test these nacelles throughout a wide range of flow coeffi- 
cients, it was necessary to provide a variable outlet area. 
This was accomplished with T x and T g by using a throttle 

sliding along the axis of the spinner. This throttle was so 
designed that the annular duct between the throttle and the 
inside of the tail cone was of nearly constant area for any 
given -throttle setting to minimize any orifice loss which 
might occur. Plow coefficients above the maximum value at- 
tainable with throttle full open were obtained by using an 
axial blower in the nose of the model to overcome the in- 
ternal resistance of the duct. 

Spinners of the sane shape and length behind the outlet 
were used with tails T 1 and T 2 with provision for alter- 
ing the pointed tip to a blunt shape. 

The third tail T$ was tested with a constant outlet 
area and the variation in flow coefficient obtained by vary- 
ing the speed of the axial blower. The spinner used with 
this tail was of approxiaat ely the sane form as that used 
with the pusher nacelle of reference 3. Ordinates of all 
spinners and throttles are given in table VI. 


Inte r nal ducts .— It has been shown in reference 4 that 
the efficient conversion of axial kinetic energy of an air 
stream. that possesses rota.ti.onal kinetic energy as well, 
nay be made in a diffuser of much shorter length than if the 
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rotational component is not present. Further, the conversion 
of the rotational kinetic energy itself may he effected hy 
making the diffuser cross section an annulus of increasing 
area along the axis. 

These principles were incorporated in the design of 
the internal diffuser between the axial blower and the baffle 
plate simulating the engine. The ordinates of the surfaces 
are given in table VII. The internal duct between the baffle 
plate ana the outlet did not require refined design except 
the section along the axis of the throttle, previously men- 
tioned, since the losses suffered in a converging duct are 
usually small. 

The baffle plate simulating the engine was designed to 
have a conductance K of 0.25, but most tests were made 
with a sufficient number of holes plugged to give a value of 
K equal to 0,10. 

Axial blower .— The axial blower used in these tests con- 
sisted of eight blades of Clark Y section so attached to the 
hub that the blade angle was adjustable. Several blade angles 
were used in the tests of various nacelles to satisfy the re- 
quired operating conditions. Part of the tests were made with 
five Clark Y section countervanes in place. For the purpose 
of the nacelle— drag tests, the fan is considered of interest 
only insofar as it was used to vary the flow. A separate re- 
port on the fan operation as it affects the int ernal— f low 
conditions and as it may be used to improve operating condi- 
tions at altitude is proposed. 

In discussing the nacelles herafter , - every combination 
of nose and tail will be noted by grouping the designation 
of each so that the combination of nose 2 and tail 2, for 
instance, will be given as N 2 T 2# 

A sectional view of N 2 I 2 is given in figure 3. Fig- 
ures 4 to 10 show various views of the nacelles mounted in 
the tunnel.. 


DESCRIPTION OF APPARATUS 


Tests «f the various wing— nacelle combinations were 
made in the Ames 7— by 10— foot wind tunnel. This tunnel 
is of the cl os ed— thr cat , rectangular-section, s ingle— return 
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type, capable of airspeeds of 300 miles per hour. The tur- 
bulence level of the air stream is such that it was possible 
to maintain laminar flo.w over those portions of the wing sub- 
ject to a favorable pressure gradient up to the maximum at- 
tainable test Reynolds number. 


Each wing— nacelle combination was mounted as a through 
model spanning the 7— foot dimension of the test section. 

End plates flush with the walls of the test section but. 
clearing the walls by a gap of 3/l6 inch were mounted on the 
ends of the w 7 ing . 


The internal drag of all nacelles except nacelle H 5 T 3 

was obtained prior to the drag tests by measuring the total- 
head losses and static pressure at the outlet with a rake 
consisting of 45 total— head and three static tubes. This 
rake is shown in figure 11. During the force tests of na- 
celles 1L I 3 , H g T 4 , and H s T 5 , the internal drag was measured 

with an outlet rake of nine total— head and three static tubes 
(fig. 8), since all tests were made with the axial blower 
operating. 

The flow Quantities measured with the outlet rake were 
used to calibrate the orifice plate simulating the engine re- 
sistance so that the pressure drop across this plate could be 
used to obtain any desired flow coefficient. This orifice 
plate of 1 / 2 — in ch— th i ck steel plate was perforated with 90 
sharp— edge holes ranging in size from 25/32— inch to li— inch 
diameter. To adjust the simulated engine conductance to a 
value of 0.10, a number of the holes were plugged with corks. 
For tests of other engine conductances, this arrangement of 
corks was altered to obtain the desired pressure drop. 

Wake surveys of the drag were made with a rake of- 48 
total— head tubes and three static pressure tubes# Section- 
drag coefficients were computed from these data by an adapta- 
tion of the Jones method which considers the effect of fluid 
compressibility and the temperature rise in the wake. 

Boundary-layer profiles were measured with a small sur- 
face rake of six total— head tubes and one static tube. Pres- 
sures over the nacelle, through the internal duct, and along 
the wing— nacelle juncture were measured through 0.020— inch— 
f lush orifices. 
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TESTS A1TD TEST METHOD 


During all tests, the surfaces of the wing and the nacelles 
were maintained in an aer odynami cal ly smooth condition. All 
balance-system measurements were made with the pressure ori- 
fices sealed and filled so as to be flush with the model 
surface. 

All data presented, except the pr es sur e— dis tr ibut ion 
results, have been corrected for tunnel— wall interference. 

The corrected coefficients (primes indicating test results) 
ar e as follows: 


C D 

0.980 Cj)' 


cl 

0.950 C L « 


^ rJ c/4 

0,980 C n c 

’ + 0.0082 C L ' 

a 

a' + 0.2S8 

°L' + 4 ° n c /* 1 
L 1 J 

2 

1.009 2' 


K 

1.009 K' 



Coefficients for the wing— nacelle combinations are based 
on a wing chord of 4 feet and a wing area of 28 square feet. 
Drag coefficients for the nacelles are based on their pro- 
jected frontal area of 2.58 square feet. The pressure dis- 
tributions along the wing— nacelle junctures and along the 
top and bottom meridians of the nacelles are plotted against 
wing— chord stations so that the data for the various nacelles 
are comparable. 

The drag force due to the internal flow in the duct was 
determined from measurements of the average total head and 
static pressure at the outlet, consideration being given to 
the effects of fluid compressibility. A calibration of the 
pressure drop across the orifice plate with various internal— 
flow rates was made to facilitate the determination of the 
flow coefficient and the int ernal— drag coefficient -when the 
outlet rake was not installed, 

During the course of the tests when the nacelle— drag 
coefficients obtained from balance measurements were compared 
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with nacelle-drag coefficients determined from wake surveys, 
it was apparent that the presence of the nacelle was influ- 
encing the flow at the wing ends to such a degree as to 
change the tare drag. This was confirmed by a comparison of 
the drags, determined by wake surveys near the ends of the 
span for the wing and the wing nacelle, the wing nacelle show- 
ing a decided increase over that for the wing. The effect 
was snail at low speeds and increased when the speed increased. 
This discrepancy in tare was discovered during the tests of 
nacelle N 4 T 2 « For this nacelle and for N g T 3 , N 5 T 4 , and 

N 5 T 5 , tares were determined by making spanwise surveys of 
the distribution of drag coefficient at a flow coefficient 
of 0.055, finding the' nacelle drag, and computing the tare, 
from the relation of this drag to that determined from the 
balance force measurements. The tare was then applied to the 
balance— drag coefficients to obtain the variation of nacelle- 
drag coefficient with flow coefficient. Two of the surveys 
from which tares were determined are shown in figures 12 and 
13, These exhibit the same type of spanwise distribution of 
section— drag coefficient as for the nacelles of reference 2 , 
The reasons for the apparently abnormally low section— drag 
coefficients near the juncture are discussed in that report. 

Since nacelle KjTj did not exhibit desirable charac- 
teristics, no tare determination was made by the tedious 
momentum surveys except at the ideal lift C ^ = 0.213. All . 

other data, are based on balance measurements only. 

It must be noted that the drags determined by wake sur- 
veys are low by the amount of the induced drag resulting from 
the distortion in spanwise lift distribution due to the in- 
fluence of the nacelle. A theoretical study indicates that 
the induced— drag coefficient based on. projected frontal area 
of the nacelle is 0,001 at a lift coefficient of 0.23. This 
induced drag will vary approximately linearly with the lift. 
Since such an induced drag would vary with propeller thrust 
for powered nacelles and could be adjusted to practically 
zero by alteration of the chordwise dimensions of the wing 
near the nacelle, it is considered that this induced drag is 
not properly a characteristic of, these nacelles. In conse- 
quence, no induction correction has been incorporated in any 
of the test results presented in this report. 
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HESULT5 A HI) DISCUSSION 


It was found in the tests of the first nacelle K 1 T i 

that, as anticipated, laminar flow could he maintained up to 
the minimum pressure position in the wing— nacell e juncture 
as well as on the other sections of the wing— nacelle surface. 
However, a number of undesirable flow characteristics, di- 
rectly attributable to improper shaping of the nose and the tail 
of the nacelle, were observed. In the following paragraphs 
these adverse characteristics are discussed together with 
the development of satisfactory nose and tail shapes. 

Nose develounent .— The pressure distribution over the 
exterior and interior surfaces in the vicinity of the nose 
of a nacelle incorporating an air— induct i on system is a func- 
tion of the nose inlet— velocity ratio V j /V 0 . It is clear 

that at a sufficiently low inlet— velocity ratio, a low pres- 
sure peak, with a consequent local adverse pressure gradient, 
must occur on the nose exterior. An adverse pressure gradi- 
ent on the exterior surface will promote presature transition 
to turbulent flow and so must be avoided if low drag is to 
be obtained. One criterion, then, in the development of a 
satisfactory nose shape is that at the lowest inlet— velocity 
ratio which will occur in high-speed flight at low altitudes, 
no exterior surface pressure peak is permissible. At a high 
ini et— velo c ity ratio, a low pressure peak is too marked, it 
will lower the critical 24ach number of the combination below 
that dictated by the minimum pressure peak in the wing— nacelle 
juncture. Another criterion, then, in the development of a 
satisfactory nose shape is that at the highest inlet— velocity- 
ratios which occur in high-speed flight at high altitudes, 
the peak pressure on the nose interior must not be as low as 
the lowest peak pressure on the exterior surface of the wing- 
nacelle unit. 

As a final criterion, in order to insure the attainment 
of low drag in climb, the range of- lift coefficients for low- 
drag coefficients with moderate to high values of the inlet- 
velocity ratio should be at least as great as for the wing. 

Viewed in the light of these criteria, the nose H 1 

was unsatisfactory. As may be seen from the pressure plots 
of figures 14( a ) and 14( b ) , at the wing ideal lift coefficient 
(about Q.2>, a nose ini et— velo city ratio of over 0.5 was re- 
quired to prevent the occurrence of an adverse pressure 
gradient cn the nose exterior. Although but one pressure 
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orifice was located on the nose interior,, the measured pres- 
sures at this orifice indicated that an excessively low pres- 
sure would occur here at only a moderately high ini et— vel o city 
ratio. Moreover, a pressure survey showed that for moderate 
to high inlet— velocity ratios, the 1 if t— coef f i c lent range for 
which no exterior adverse pressure gradients occur was much 
less than that for the wing.. 

Two attempts were made to improve the nose shape with 
noses IT 2 and N 3 . The shape N 2 differed from N x in hav- 
ing a somewhat larger nose radius as well as some increase 
of thickness and camber; the shape N 3 incorporated an even 
larger nose radius as well as some further increase in thick- 
ness and camber, These shapes are shown in figure 1, The 
distribution of pressure over N s , shown in figures 15 to 19, 
indicates a general improvement over nose . A pr ess ure 
survey indicated that the nose radius of N 3 was too large, 
and no further tests using this nose shape were made. 


None of these nose shapes permitted a sufficiently wide 
range of lift coefficients for which no adverse pressure 
gradients would occur at moderate to high ini et—velo city 
ratios. An examination of the pressure distributions for the. 
first three nose shapes indicated a means for improving this 
characteristic. In the case of these noses, at the wing ideal 
lift coefficient, the upper— lip shape- produced an external 
low pressure peak before the lower lip as the ini et—velo city 
ratio was reduced. Conversely, as 'the inlet— vel ocity ratio 
was increased, the lower lip produced an internal low pres- 
sure peak before the upper lip. If the nacelle axis were 
curved to the shape of the wing mean— camber line, then, at 
the ideal lift, the pressure distributions over the nacelle 
upper and lower nose lip- would be similar at any given inlet- 
velocity ratio. In this case, the 1 if t— coef f i c i ent range 
over which adverse pressure gradients were absent for the 
wing and the wing— nacelle unit would more closely correspond. 


For nose shapes N 4 and N 5 , some nacelle camber was 
effectively incorporated. The lower lip of N 4 and N 5 was 
kept the same as for N 2 , since it had been found to be 


satisfactory. The upper lips of these nose shapes were ex- 
tended and drooped as shown in figure 1. They differed only 
in that the leading— edge radius of N 4 was larger than that 
of N 5 . An examination of the experimental pressure distri- 
butions, shown in figures 20 to 29, shows the shape N s to 
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be s oEewhat superior to N 4 , although both are considered 
satisfactory in light of the three criteria previously 
dis cuss ed. 

Tail d e velopment It has been shown in reference 5 

that it is undesirable to place the plane of the propeller 
closer than 15 percent wing chord behind the trailing edge 
of the wing in a pusher— pr opeller wing— nacelle combination 
because of the adverse effects of the flaps on the propeller 
characteristics. At the same time, it is desirable to bring 
the propeller location as near the wing trailing edge as 
possible because of the saving in weight. Accordingly, the 
tail shape T x was designed to obtain a propeller location 
15 percent wing chord behind the wing trailing edge. The 
tail shape, as noted pr ev i ous ly, was obtained by simply con- 
tracting the original NACA 133—30 nacelle. This contraction 
was so severe as to promote flow separation if transition 
was shifted forward at very low ini et— v elo ci t y ratios.. This 
characteristic is exhibited by the data of figure 30 which 
show the marked hysteresis in the variation of drag coeffi- 
cient with mass— flow coefficient, 

Figure’ 31 presents the variation of drag coefficient 
with flow coefficient at the ideal lift, the only lift coef- 
ficient for which tare was determined for • Hysteresis 

did not occur and it is considered that the flow remained 
separated at all flow coefficients. In spite of this’, the 
drag of the nacelle is.much less than for usual nacelles, - 
This critical characteristic of the flow in the wing— nacelle 
juncture is further indicated in figure 32 by a reduction 
in the maximum lift coefficient for this wing— nacelle unit 
as compared with that for the wing alone or with that for 
the other wing— nacelle combinations. 

In an effort to avoid this undesirable aerodynamic ef- 
fect in subsequent developments, the ordinates of the tail 
shapes from the maximum ordinate location to the nacelle 
station opposite the wing trailing edge were held closely to 
the ordinates of the NAGA 133—30 nacelle, which showed no 
flow— separation effects. With tail T 2 , for which the pro- 
peller location was fixed at 30 percent wing chord behind the 
wing, the contraction behind the station at the wing trailing 
edge was slightly more severe than for the original NACA 
133—30 nacelle. The test results for the N 4 T 2 nacelle, 
given in figure 33, show that nacelle ext ernal— drag incre- 
ments comparable with those of reference 2 were obtained and 
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that separatiori was avoided»&s indicated by the absence of 
hysteresis in the variation of external drag with flow coef- 
ficient. Further, the contraction of this tail cone is not 
so severe as to reduce the maximum lift coefficient appreci- 
ably below that for the wing, as is shown by the data of 
f i gur e 32. 

It is considered that while the tail T 2 was satisfac- 
tory insofar as aerodynamic characteristics are concerned, 
the propeller position is too far behind the wing trailing 
edge for most applications. With T 3 the propeller loca- 
tion was changed to about 21 percent wing chord behind the 
wing by contracting the tail cone more rapidly behind the 
wing trail ing— edge station than for T 2 . The drag test re- 
sults for the H g T 3 nacelle', given in figure 34, show again 

that low drag was obtained and separation was avoided. In 
figure 32 the lift curve for the H 5 T 3 wing— nacelle unit is 
shown. It is seen that the lift curve for this wing— nacelle 
unit is very similar to that for the H 2 T 2 unit. 

Although T} was found to be unsatisfactory, as evi- 
denced by the drag hysteresis with flow coefficient and the 
reduction of the maximum lift coefficient accompanying the 
addition of the nacelle to the wing, it is not believed that 
T 3 necessarily represents the shortest satisfactory nacelle 
shape with external spinner. Rather,' it is considered that 
Tj_ was contracted too rapidly in the region from the maximum 

diameter to the wing tr a i 1 ing— edge location, which promoted 
an excessively severe adverse pressure gradient in this region. 
Using the tail contracted at a rate midway between that for 
T x and T 3 , with a spinner similar to that for T 3 , would 

allow a propeller location about 15 percent wing chord behind, 
the wing.. Such a nacelle would probably have satisfactory 
aerodynamic characteristics, 

In the investigation of reference 1, several nacelles 
were tested from which air was exhausted through a circular 
opening at the end of the nacelle. Such, nacelles might be' 
considered to be representative of a j et— propuls ion unit 
or a propeller— propuls ion unit with a submerged propeller 
hub. For comparison with these nacelles, the tails T 4 and 
T 5 were constructed. Both were formed from tail T 3 by 
removing the spinner and extending the skirt so as to reduce 
the diameter of the exhaust opening. However, with T 4 the 
trailing edge was sharp but net cusped as with T s . 
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The results of the tests of these tail shapes are shown 
in figures 35(a) and 35(h). No indication of hysteresis of the 
drag coefficient with flow coefficient was' found. It is note- 
worthy that the external drag of the cusped T 5 tail is less 
than that for the I 4 tail. This characteristic of cusped 
tail nacelles was predicted in reference 1 and later realized 
in the tests of reference 6 . It is considered that the cusp- 
type skirt trailing edge would he similarly beneficial for 
nacelles with annular exhaust openings, as for tails T x , T s , 
and T 3 . 


Tabulated below are the external-drag coefficients for 
the nacelles NjTj , N 4 T £ , N 5 T 3 , ,and N 5 T 4 obtained p.t 

at the wing ideal lift coefficient (0.213) and at the design 
flow coefficient ( 0.044).: 


Nacelle N x T x 

Nacelle N 4 T 2 

Nacelle N T_ 
5 3 

Nacelle K B T 4 


Cj) — 0.03 25 
Cj) = 0.0258 
Op = 0 . 0240 
Cp = 0.0257 


It is seen that with the exception of N x T x , these drag 

coefficients are very nearly the sane and are approximately 
equal to those for the nacelles of reference 2. While the 
NjTj, nacelle is inferior to the others, it still represents 
a considerable improvement over nacelles of the usual form. 

The drag co ef f i c i ent . f or nacelle N 5 T 5 is not included in 
this table since the minimum flow coefficient obtainable was 
greater than the design value even though the outlet area 
was the same as for T 4 . This effective increase in the out- 
let area is due to the cusped tail cone. and was noted also 
in the tests of reference 6 . " ... / 

The drag coefficients of the nacelles were investigated 
at low lift coefficients throughout the Reynolds number range, 
but only minor variations were found. At Cp = 0.325 the 
drag coefficient decreased slightly, while at Cp = 0.525 
the drag coefficient showed a slight increase with Reynolds 
number. These data are not presented since they show, only 
these small changes. 

Tests of the nacelle N 4 T £ through the Reynolds number 
range were made at low lift coef f ic lent- with blunt spinner. 
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An increase in the nacelle drag coefficient of about 0.0,01 
over that for the pointed spinner was found. 

The variation of drag coefficient with lift coefficient 
for the T g combinations at a Reynolds number of 3,700,000 

is shown in figure 36, This variation was typical of all the 
nacelles excepting % \ • The peculiar variation of nacelle 
drag coefficients as exhibited by these data, insofar as the 
drag coefficients at Cp = 0 and Cp = 0.525 are concerned, 
is understandable if a study of the effect of the nacelle on 
the pressure distribution over the portion of the wing out- 
board of the nacelle is made. The presence of the nacelle 
so distorts the flow pattern in this region that a sharp 
pressure peak usually appearing on the nose of the wing at 
these lift coefficients does not occur so that the transition 
point does not move forward. Consequently, these portions 
of the wing experience lower drag coefficients than are usu- 
ally obtained at these lift coefficients, so that the' total 
increment in drag due to the nacelle is less than for the 
other angles of attack. This phenomenon occurred with all 
the nacelles tested. 

An investigation of the variation of ext ernal— drag coef- 
ficient with int ernal— f low coefficient for nacelle B 4 T b 
( fig. 33) reveals that as the flow coefficient is increased 
from zero, a narked reduction in drag is obtained. This is 
attributed to the reduction in mean velocity over the ex- 
terior of the nacelle and to the favorable effect of increas- 
ing flow coefficient on the location of transition on the 
nacelle which is brought about by the reduction and eventual 
elimination of the pressure peak on the nose ■ exterior. As 
the flow coefficient is further increased, the drag is re- 
duced but at a lesser rate and is a minimum for the minimum 
flow coefficient with wide-open throttle; that is, when the 
ratio of the velocity of discharge, to the velocity on the 
nacelle at the outlet is a minimum.. When this flow coeffi- 
cient is exceeded, the drag coefficient at first remains 
sensioly constant then rises at an increasing rate. 

It will be noted on figure 37 that for all the nacelles 
except B 5 T 5 this characteristic increase in drag coeffi- 
cient, which accompanies an increase in the ratio of the 
velocity of discharge to the velocity over the nacelle at 
the outlet, is present. 
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These results were obtained, with varying flow coeffi- 
cient. In order to eliminate the effect of flow coefficient, 
the drag characteristics of nacelle Nj^ were measured at 

a constant— flow coefficient ever a wide range of outlet 
velocities by suitably varying the blower speed and throttle 
opening. The results shown in figure 38, when compared with 
the previously mentioned data, indicate that these data are 
little affected by changing the flow coefficient. While the 
characteristic increase of drag coefficient with velocity of 
discharge is not well understood, consideration should be 
given to this effect in the choice of the outlet area in any 
nacelle design. Cusping the tail outlet, as for N 5 T 5 , is 
seen to minimize this effect for the test range of flow coef— 
f icients . 

Internal drag due to air induction .— The results of 

these tests indicate that the internal— flow systems of the 
nacelles were satisfactory in that the losses associated 
with the initial expansions up to the’ baffle plate (simulat- 
ing the engine) and the contractions there after were small. 
This is evident from figure 39, where it is shown that the 
total int ernal— drag coefficient is only moderately greater 
than the drag due to the baffle plate. There is' no reason 
to believe that the introduction of the blower had a detri- 
mental effect on the efficiency of expansion and contraction. 
As seen in this figure, a windmilling fan does not add ap- 
preciably to the internal losses. 

Bounda r y layer .— The laminar boundary layer in the wing- 
nacelle juncture was found to be uniquely stable, as was also 
observed in the tests of reference 2. The formation of a 
pressure peak on the exterior surface of the nacelle nose, 
sufficient to move transition very far forward on the nacelle 
at points removed from the juncture, produced no change on 
the laminar boundary layer at the minimum pressure point in 
the juncture. This effect is not understood. - 

Boundary— layer tests at the pressure minimum over the. 
span of the model showed that the flow remained laminar on 
the upper surface of the model at lift coefficients up to 
about 0.4 to the highest Reynolds number tested, about 
10,000,000, for a flow coefficient of 0.055. Those results 
agree well with those of the extensive t rans it i on— 1 o cat i on 
surveys presented in reference 2. 


runr m^r 





i.OC 
L/rWu 




1TACA ACS So. 5A1S 


16 


UNCLASSIFIED 


Pressu r e distribut ion,— In reference 2, it was shown 

that the velocity distribution in the wing— nacelle juncture 
could he calculated with reasonable' accuracy by the super- 
position method of reference 7, When the nacelle is altered 
to provide air induction at the nese, however, an accurate 
calculation of the velocity distribution is practically an 
inpos s ibil ity . The velocity distribution nay be approximated, 
though, by the method of appendix B, which considers what 
changes to the effective body dinensions result from so alter- 
ing the nacelle. 

This velocity distribution calculated by the method of 
appendix B nay be combined with that for the wing by the 
superposition method of reference 7 to obtain the velocity 
distribution in the wing— nacelle juncture shown in figure 40 . 

The experimental velocity distributions in the juncture 
corrected to zero Mach number, using Von Karmen 1 s relation 
of reference 8 , are shown in figure 41 along with the calcu- 
lated distribution. 

Some variation of the velocity distribution with Reynolds 
number is shown. This is attributed to boundary— 1 ay er cross 
flow, a phenomenon which was observed during the tests of ref- 
erence 2 and is discussed therein. The calculated curve of 
velocity distribution lies sooevhat above even the experi- 
mental values for the highest test Reynolds number. The 
agreement, though, is reasonably good, 

Figure 42 shows a comparison of the juncture velocity- 
distributions for nacelles T 2 , N 4 T £ , and N 5 T 3 . These are 

seen to be very nearly the same. Examination of figure 43 
showing the velocity distributions over the top and bottom 
meridians of the same nacelles shows, as previously aen i! 
tioned, that nacelle h T 1 T 1 has its minimum pressure at 6.0 

percent wing chord. Nacelles and N 5 T 3 are very 

similar to the IT A CA 133—30 nacelle of reference 2, 

The pressure distributions at a flow coefficient of 
0.055 throughout the angl e— of— attack range are given for na- 
celle NgTg juncture and top and bottom meridians in tables 

VIII and IX and for nacelle N S T 3 in tables X and XI, 

C ritical speed .— The variation of critical Mach number 
as predicted from subcritical pressure measurements is shown > 
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in figures 44, 45, and 46 for nacelles N 2 T B , N 4 T 2 , and 
N 5 T 3 , respectively. Through the middle range, as expected 
from the considerations of the foregoing section, M cr in- 
creases slowly with flow coefficient. The marked decrease 
in. the critical speed at very high and very low flow coeffi- 
cients results from the formation of a sharp pressure peak • 
on the interior or on the exterior of the nose for these con- 
ditions. This effect is more properly associated with the 
inlet— velocity ratio which, for these tests, hears a direct 
relationship with the flow coefficient as indicated on the 
figures. As previously explained, very high inlet— velocity 
ratios cause the formation of a sharp pressure peak on the 
interior surface of the nose which determines the critical 
Mach number. The formation of a local shock in the internal 
duct with a consequent loss of total head of great magnitude 
may he especially serious because of its effect on the flow 
of cooling air to the engine. The design of the nose inlet 
should he such as to avoid this critical condition. The 
formation of an external pressure peak at low i nl et— velo ci ty 
ratios is not so serious, though it may he influential in 
limiting the diving speed. However, for some of the noses 
(M 5 , for instance) the exterior pressure peak did not appear 
at certain low angles of attack or, if present, was not of 
sufficient magnitude to fix the critical Mach number. 

At a moderate flow coefficient of 0.055, the critical 
Mach number for nacelle N 5 T 3 is 0.61. This represents an - 
appreciable increase over the value of 0.57 found for the 
nacelles of reference 2, This increase in critical Mach 
number, of course, results from the fact that when air flow 
is permitted through the nacelle, the flow behaves as though 
the fineness ratio of the nacelle were effectively increased 
so that the external velocities are decreased. 

While a critical Mach number of 0.61 is satisfactory 
for most airplanes employing propeller propulsion, it cannot 
be considered allowable in the usual case for those employ- 
ing jet propulsion. For the latter cases some alteration of 
these nacelles is necessary to improve the critical speed. 

In the initial investigation of the wing— nacelle combinations 
of reference 2, it was found that the velocity gradients over 
the nacelle top meridians were so favorable that the transi- 
tion points were located behind the corresponding points on 
the wing. Moreover, the laminar— boundary layer at the wing- 
nacelle juncture exhibited uniquely stable characteristics 
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in that it was difficult to promote transition to turbulent 
flow ahead of the minimum pressure location. An experimental 
investigation of the position of the transition line on the 
wing— nacelle combination employing the N 1 T 1 nacelle was 
made, and it was found that the velocity gradient over the 
nacelle was again more favorable than necessary. Consequently, 
a less favorable velocity gradient for' the nacelle would still 
allow low drags to be maintained and, at the same time, per- 
mit a considerable increase in the critical Mach number to be 
effected. For example, using a body of revolution with the 
same fineness ratio but with a slightly blunter nose shape 
than for an ellipse, while still providing what is considered 
to be a satisfactory favorable gradient, would allow a criti- 
cal Mach number of about 0.64 for a wing— nacelle combination 
incorporating the NACA 35—215 wing section. This critical 
Mach number is nearly as high as that for the wing alone 
(M C r = 0.67 for the wing), so that any further improvement 
in critical speed could most profitably be made by reducing 
the wing thickness. As a further point, the nacelles of 
this report would permit the installation of large diameter 
jet units. Using smaller diameter jet units would permit 
the nacelle thickness ratio to be materially reduced so that 
further increases in critical Mach number would aut omat i cally 
be effected. Finally, it was found in the tests of refer- 
ence 3 that, by lowering the nacelle with respect to the wing, 
a marked increase in critical speed could be obtained. It 
is considered that a similar alteration for the wing— nacelle 
combinations of this report w^ould likewise be beneficial. 


CONCLUSIONS 


The results of tests of the wing— nacelle combinations 
of this report demonstrate that, by following the design 
principles of reference 2, premature transition to turbulent 
flow in the wing— nacelle juncture can be avoided f or a na- 
celle with air induction at the nose as well as for a stream- 
line body without internal— air flow, The nacelle— drag 
coefficient, based on the projected frontal area, for a com- 
bination incorporating these principles is reduced to one- 
half to two— thirds that for the usual nacelle not incorporating 
these principles. 


It is considered that these low— drag coefficients may be 
realized only with j et— pr opuls ion units and pusher— propeller 
installations. The use of a tractor propeller would probably 
preclude the attainment of low drag since the turbulence level 
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in a propeller slipstream is high, so that in the propeller 
wake transition would probably move forward of the location 
of minimum pressure. 

The addition of the nacelle to the wing resulted in only- 
minor effects on the lift and moment characteristics of the 
wing. The rate of variation of the quart er— chord— moment 
coefficient with lift coefficient was increased and the maxi- 
mum lift was slightly decreased. 

The critical Mach number, as determined from subcritical 
pressure measurements in the juncture, was increased over that 
for the low— drag wing— nacelle combinations of reference 2, 

The effect of air induction was found to have some influence 
on the velocity distribution over the nacelle, increasing the 
critical speed with increasing flow coefficient, until, when 
the flow coefficient was excess ive, the critical speed was 
determined by the low pressure occasioned at the inner lip of 
the duct opening. 

The use of superposition in predicting the velocity dis- 
tribution in the wing— nacelle juncture was found to give too 
high velocities. This is believed due to the difficulty in 
accounting for the effect of air induction on the velocities 
over the nacelle, as well as to the effective thinning of the 
wing profile at the juncture due to boundary— lay er cross flow. 


Ames Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Moffett Field, Calif. 
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APPENDIX A 

METHOD FOR DERIVING NACELLE NOSE SHAPES 


The following more general method for deriving nose 
shapes for nacelles is based on the more restricted method 
evolved in reference 2. The procedure is as follows^ Using 
the known quantity of air required for cooling, the mass flow 
coefficient is calculated, This coefficient is given by 


p£ • 
Po rv o 


wher e 

pQ, mass flow rate 

P o air mass density in the free stream 
F maximum cross-sectional area of the nacelle 

V 0 free— stream velocity 


The ratio of the nose air— inlet diameter to the maximum 
diameter of the nacelle is then found from 


D 



max 


where Vj./V 0 is the ratio of the noee air— inlet velocity t.o 

the free— stream velocity, and p i /p 0 is the ratio of the 

density of the air at the nose air inlet, to that of the free 
stream. 

V . 

will depend on the range of alti— 


The value of 


i 

V 0 


£l 

Pn 


tudes and speeds to be encountered in flight. When the wing 
operates at its ideal lift coefficient, the desired value of 

Li £i 

Vo P n 


will usually lie between 0.4 and 0.6,. In the design 



KACA ACE No. 5A15 


21 


I IfUf 


*ULADb!HH f 


of the nacelles of this report, a value of 0,5 was chosen. 


Using the method of reference 1 for reshaping the na- 
celle nose, the nacelle is shortened by an aaount l as 
shown in figure 47, In order to retain the same nose loca- 
tion relative to the station corresponding to the m inimua 
pressure position (which is very nearly co incident with that 
corresponding to the maximum diameter station), it is neces- 
sary therefore to lengthen the basic nacelle shape by the 
amount l before the method is applied. 

To this end, from the basic nacelle shape (fig, 2) the 
value of x 0 = x 0 ’ corresponding to y Q = y 0 ’ = 1.34 r is 

found, where x 0 and y 0 are the axial and radial co- 
ordinates of the basic nacelle and r is the radius of the 
nose opening (i.e., d/2). 

The length l is then given by 


i 


( — ^L y ') E 0 L 0 

>• n 0 L o~ x o ^ 


where m 0 L 0 is the axial distance from the nose to the 

station at the maximum diameter for the basic nacelle as 
shown in figure 48. 


The ordinates for the extended nacelle forward of the 
maximum diameter station are calculated using the relations 

■'*« = ?o 

*• '( 1 + s &) *•-.* 

The distance along the axis of the ducted body fr.om the 
pose opening to the point where the nose ordinates fair into 
ordinates of the extended nacelle, shown in figure 47, is 
designated X and is given by 

X = 1 . 172 ( — ) m 0 L 0 

XiJ E£I / 

The ordinates of the nacelle between x = o and x = X 

ar e 





I 
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incr? 

no; 


y = “ Y ^e~ T ^ 

where Y is the nose— shape parameter which is a function of 
x/X. 

The nose— shape parameter Y for the nacelle N 1 was 
obtained from the corresponding values given in reference 1. 
.The nose— shape parameters for all the nose shapes discussed 
in this report are given in table IT, It should be noted 
that all the noses were developed for the same value of X 
and from the same extended version of the NACA 133—30 nacelle. 


APPENDIX B 


The velocity distribution over a nacelle, designed to 
incorporate internal air flow by the method of appendix A, 
may be calculated as indicated in the following (all symbols 
are defined in appendix A): 

The basic nacelle of length L 0 is increased to 

L e = D 0 + I 

where I is the nose extension determined by the method of 
appendix A. 

Moreover, the internal air flow effectively reduces the 
cross-sectional area of the nacelle to 

P e = P-pQ/p o Y 

so that the effective diameter becomes 

d 6 = d 0 yr-pQ/p^ 

The effective diamet er— length ratio is then 

Vr-pQ/p~rv~ 

1 + -i- 

lo 

The increment by which the velocity at any point on a 
streamline body exceeds that of the free stream is roughly 
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pr on ort i onal to the diameter — length ratio of the hody. Hence, 
for the nacelle incorporating the nose air inlet, the veloc- 
ity at any point behind the maximum ordinate station 



1 + 


r fji' 

- vr° 'o 



J l-pQ/p. & FY 

' 1 ♦ ± 


o 


where 


Vo 



velocity at x e = x 0 on the nacelle with the nose 
air inlet 

velocity at x 0 on the basic nacelle 


At stations forward af the maximum ordinate station the 
velocity given by the same equation applies at a point 





V 


+ -J-) 

m o^o ' 


x o 


l 


rather than x e = x 0 . 

These calculated values will apply except at stations 
close to the nose opening where the velocity curve must be 
faired to U/V 0 =0 at the nose opening. 
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TABLE I.- ORDINATES OF NACA 35-215 WING a = 0.50 


Upper surface 



Lower surface 

. -• _ 

X 


i 3 

r 

x 


y 


Distance along 
chord 

Ordina te 

Distance along 
chord 

Ordinate 

Percent 

chord 

Inches 

Percent 

chord 

Inches 

j Percent 
1 chord 

Inches 

Percent 

chord 

Inches 

0 

0 

0 

0 

0 

0 

0 

0 

.376 

.18 

1.137 

.55 

.624 

.30 

-.999 

-.48 . 

.609 

.29 

1.403 

.67 

.891 

.43 

-1.209 

- -.53 

1.087 

.52 

1.828 

.88 

1.413 

.68 

-1.534 

-.74 

2.308 

1.11 

2.544 

1.26 

2.693 

1.29 

-2.026 

-1.01 

4.784 

2.30 

3.711 

1.78 

5.214 

,2.50 

-2.829 

-1.36 

7.276 

3.49 

4.534 

2.18 

7.722 

3.71 

-3.346 

-1.61 

9.777 

4.69 

5.215 

2.50 

10.223 

4.91 

-3.763 

-1.81 

14.788 

7.10 

6.328 

3.04 

-15.212 

7.30 

-4.432 

-2.13 

19.809 

9.51 

7.200 

3.46 

20.191 

9.69 

-4.952 

-2.38 

24.838 

11.92 

7.889. 

3.79 

25.162 

12.08 

-5.361 

-2.57 

29.873 

14.34 

8.408 

4.04 

30.127 

14.46 

-5.672 

-2.72 

34.913 

16.76 

8.770 

4.21 

35.087 

16.84 

-5.884 

-2.82 

39.953 

19.18 

8.967 

4.30 

40.0'42 

19.22 

-5.995 

-2.88 

45.009 

21.60 

8.977 

4.31 

44.991 

21.60 

-5.981 

-2.87 

50.077 

24.04 

8.732 

4.19 

49.923 

23.96 

-5.792 

-2.78 

55.130 

26.46 

8.109 

3.89 

54.869 

26.34 

-5.323 

-2,56 

60.150 

26.87 

7.262 

3.49 

59.850 

■28.73 

-4.700 

-2.26 . ' 

65.150 

31.27 

6.283 

3.02 

64.850 

31.13 

-3.993 

-1.92 

70.137 

33.67 

5.228 

2.51 

69.863 

33.54 

• -3.246 

-1.5 6 - 

75.113 

36.05 

4.140 

1.99 

74.888 

35.95 

-2.488 

-1.19 

80.085 

33.44 

3.062 

1.47. 

79.914 

38.36 

-1.756- 

-.84 

85.056 

40.83 

2.042 

.98 

84.944 

40.77 

-1.084 

- . 52 

“ 90.029 

43.21 

1.134 

.54' 

89.971 

43.19 

-.520 

-.25 

95.009 

45.60 

.424 

.20 

94.991 

45.60 

. -.136 

- -.07 x 

100.00 

48.00 

0 

0 ■ 

100.00 

48.00 

0 

' 0 
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TABLE II.- ORDINATES OF NACA 133-30 NACELLE 


X 

Dis tanc9 
center 

along 

.ine 

r . 

Radius 

Percent 

length 

Inches 

Percent 

length 

Inches' 

0 

0 

0 

0 

1.250 

.90 

3.318 

2.39 - 

2.500 

1.80 

4. 680 

3.37 

5.000 

3.60 

6.598 

4.75 

7.500 

5.40 

. 8.043 

5.79 

10.000 

7.20 

S.238 - 

6.65 

15.000 

10.80 

11.164 

8.04 

20.00 

14.40 

12.656 

. 9.11 , 

25.00 

13.00 - 

13.789 

'9.93 

30.00 

21.60 

14.573 

10.49 

35.00 

25.20 

15.002 

10.80 

40.00 

28.80 

15.098 

10.87 ■ 

45.00 

32.40 

14.919 

10.74 

50.00 • 

36.00 

14.532 

' 10.46 

55.00 ' 

39.60 

13.991 

10.07 

60.00 

43.20 

13.329 > 

9.60 

65.00 

46.80 

( 12.563 

9.05 - 

70.00 

50.40 

11.697 

8.42. 

75.00 

54,00 

10.725 

7.72 

80.00 

57.60 . 

9.626 

6.93 '• 

85.00 

■ 61.20 • 

8.360 

. 6.02 

90.00 .. 

64.80 

6.841 

4.93 -..I..- 

95.00 

68.40 

.• 4.846 : yi 

3.49 

100.00 ' 

72.00 

0 ■ ' - 

0 







TABLE, IH.- NOSE COORDINATES, IN INCHES TO 
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TABLE VII.- ORDINATES OP INTERNAL DIFFUSER INCLUDING FAN SPINNER 
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TABLE IX.- EXPERIMENTAL VALUE3 OF (U/V) FOR N a T- NACELLE TOP AND BOTTOM MERIDIAN 
REYNOLDS NUMBER - 3.59 * 10 MACH NUMBER - 0.13 
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TABLE X.- EXPERIMENTAL VALUES OF ( 
REYNOLDS NUMB® = 3.59 
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Those data are uncorrected for tunnel-wall effect 
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Fig8. 8,9 
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Figure 11.- View of outlet rake on nacelle JT^T^ 
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Fig. 17a 
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Drag coefficient baaed on nacelle frontal ar 







coefficient based, on nacelle frontal area, 
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figure 35b.- Variation of nacelle U 5 T 5 drag coefficient with mass 
flow coefficient, Reynolds number = 7.6 x 10®, Mach 


nnmber = .27, 
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Figure 36.- Variation of nacelle dra^ coefficient with lift coefficient 
for nacelle p/p o O/iT = .056, EeynoldB number = 

3.7 x 10 5 , Mach number = .13. 
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Figure 38.- Variation of nacelle NjT-j. external drag coefficient with the ratio of velocity of 

discharge from the outlet to the velocity over the nacelle at the outlet at constant 
mass flow coefficient, fan operating pG)/ p 0 FV = .055. a = 0°, C L = .105, Reynolds number = 5.03 x 
10®, Mach number = .19* 
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I A Engine resistance only (X = *10) 

O Engine resistance and internal ducts 

-f Engine resistance and internal ducts and 
" windmilling blower 1 i J ! 
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Figure 39.- Variation of internal drag coefficient with mass flow 

coefficient for nacelle H^T^ for all angles between -1° and 
4° inclusive. 
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Critical Mach number, 
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Figure 45.- Variation of predicted critical Mach number with mass flow 
coefficient for nacelle N 4 T 2 . Pv/V ■ - 11.1 0 / p 0 Q/PV 1 . 
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figure 46.- 


Variation of predicted critical Mach number with mass flow 
coefficient for nacelle E 5 I 3 . fv/V = 11.1 p/p 0 Q/PVj, 










